penetrance, and the tumor is a prototypic model for the study of genetic determination in cancer (2) .
The genetic locus determining retinoblastoma susceptibility was assigned to band q14 ofchromosome 13, along with the gene for the polymorphic marker enzyme esterase D, by examination of cytogenetic deletions (3). The close linkage of these loci was '394 confirmed by studies of retinoblastoma pedigrees (4) . The retinoblastoma susceptibility locus was further implicated in nonhereditary retinoblastoma by observations of frequent chromosome 13 abnormalities in tumor karyotypes and reduced esterase D activity in tumors (5). Benedict et al. proposed that inactivation of both alleles of a gene (RB) located in region 13q14 resulted in retinoblastoma, based in part on a case of hereditary retinoblastoma in which both RB alleles were inferred to be absent (6) . Recently an assumption made in this case has been disproved (7) , namely that the absence of esterase D activity implied loss of both esterase D and RB genes. Nonetheless, Cavenee et al. (8) found that chromosome 13 markers that were heterozygous in somatic cells often became homozygous or hemizygous in retinoblastoma tumors, and Dryja et al. (9) demonstrated homozygous 13q14 deletions at the molecular level in 2 out of 37 retinoblastoma tumors. These experiments provided evidence that the proposed RB gene indeed functions in a "recessive" manner at the cellular level (1, 10), in distinction to the "dominant" activities of classical oncogenes (10, 11) as measured, fir example, by transfection assays.
Given the importance of KB as a novel type of cancer gene, we undertook to isolate this gene by "chromosome walking" from other chromosome 13 markers. Since nothing was known of RB gene expression or products, candidate genes would be identified on the basis of appropriate chromosomal location and presumed "recessive" behavior: that is, an intact RB gene should be expressed in retinal tissue but not in retinoblastomas. Our initial starting point was the gene encoding esterase D (12) , which is linked to the retinoblastoma susceptibility locus in band 13q14.11 (4, 13) within an estimated 1500-kilobase range (14 Fig. 1 . Summary of chromosome walking and isolation of cDNA clones from this region. Starting points were EL-22 (the esterase D cDNA clone) (14) , located at 13q14.11 (13) , and H3-8, a 13q14-specific DNA probe (15) . These were used to screen Charon 30, Charon 4A, EMBL-3, or cosmid genomic libraries (17) Neither SD-1 nor SD-2 seemed promising as candidate RB genes, because transcripts hybridizing to these clones were not detected in retina and placenta mRNA samples nor from any retinoblastomas ( Table  1 ). Since SD-1 and SD-2 were obtained from placental (18) and fetal retinal cDNA libraries, respectively, their expression in cognate mRNA was expected. While the lack of detection may be due to low copy number of transcripts, both clones require further characterization to explain these findings.
RB-1 hybridized with a 4.6-kb mRNA transcript in fetal retina and placenta ( 
, with a 3.5-kb which were then used as probes in RNA t gave identical blotting analysis (19) . This indicated that hybridization. the DNA sense strand runs 5' to 3' from the suggested that 0.9-kb fragment of RB-1 to the 1.0-kb -d in a 0.4-kb fragment of RB-5. d a DNA segWe surmised that some alterations in close to that of mRNA expression or size might be due to Lpt. For ease of small deletions in genomic DNA encoding :s were generat-the candidate RB gene. Consequently, ge-RI into 0.9-kb nomic DNA was extracted from corre-).7) fragnents. sponding tumor cells described for Fig. 2 , II into three digested with Hind III, and hybridized in .7 kb, Eco RI-DNA blotting analysis with probes RB-5 II-Bgl II), and (Fig. 3A) and RBO.9 (Fig. 3B) (Fig.  3) , the Hind III restriction map of the RB gene was constructed (Fig. 4) . The were observed in five retinoblastomas, but none of these were internal homozygous deletions. These findings were not sufficient to precisely identify the RB gene. While sequence data were not included in their report, the restriction map of their cDNA clone was similar to ours.
Genes with important developmental functions are often found to have similar counterparts in phylogenetically related organisms. We examined genomic DNA from five other vertebrate species by hybridizing with probe RB-5. Under standard hybridization stringencies, homologous sequences were detected in all samples, with weaker hybridization intensity as evolutionary distance increased (Fig. 5) . The homologous chicken gene was just barely detectable. Thus the RB gene is measurably divergent in vertebrates, and may not be conserved in more distant species.
We noted above that RB gene expression, while specifically altered in retinoblastoma, was not confined to normal fetal retina but was also seen in at least one other normal unrelated tissue, placenta. For a more extensive survey, mRNA from fetal and adult rat tissues was prepared and analyzed by RNA blotting (Fig. 6) . A 4.6-kb mRNA transcript (presumably the normal size for rat) was detected in all tissues, though quantity varied markedly. A second species of transcript, approximately 2.3 kb in size, was also apparent in fetal rat brain. This short transcript may represent either differential processing of the RB gene or transcription of a separate but closely related gene.
Sequence analysis ofclones RB-I and RB- 5 was performed by the dideoxy-terminator method of Sanger (22) to yield the reconstructed complete cDNA sequence (Fig. 7) . Different deletion templates were generated by the "cyclone" method (22) (25) but a candidate transmembrane domain (at least 20 consecutive hydrophobic residues) was not found. The amino acid hydropathy plot showed a mildly hydrophobic region near the putative amino terminus and a hydrophilic region at the carboxyl terminus (Fig.  8) . We identified two pairs of short amino acid sequences that were bracketed by cysteine and histidine residues in the manner of metal-binding domains found in nucleic acid-binding proteins (26) (Fig. 7) . A region of 54 amino acids from position 663 to 716 contains 14 proline residues (26%); proline-rich regions have also been observed in nuclear oncogene proteins myc and myb (27) . While the significance of these observations is not well established, they suggest that the RB gene product may be a nucleic acid-binding protein.
Early hypotheses suggested that retinoblastoma may arise by inactivation of both alleles of a gene that normally functions to suppress tumor formation (1, 28 51, respectively) ; from the placenta (lane 6); and from fetal (16-day gestation) rat tissues (liver brain', and kidney in lanes 7 to 9, respectively). About 5~L g of mRNA was loaded into each lane of a 1% formaldehyde-agarose gel and analyzed as described for Fig. 2 . The probe was a P labeled RB-i (similar results were obtained with RB-5). AGTGCATCAACCT TCAGAAAATCTGAT TTCCTAT T TTAACAACTGCCACAGTGAATCCAAAGAAAGTATACTGAAACAGATGAAGGATATAGGAT ACAT CT TTAAAGAGAAATTTGCCTAAA 1200
GCTGTGGGACAGGGT TGTGTCGAAMTTGGATCACAGCGATACAAACT TGGAGT TCGCTTGTAT TACCGAGTAATGGAATCCATGCT TAAATCAGAAGAAGAACGAT TATCCAT TCAAAATr 1320
TCT TTCCCATGGATTCTGCAATGTGCCTTAATTrTAAAAGCCTTTGCATTTTTACAAAGTGATCGAAArTTTTATCAAAGCACAAGGCAACtT GACAAGAGAAATGCATAAAACATTTAGAACGA 1560
ACCTCAGCCT TCCAGACCCAGAAGCCAT TGAAATCDTACCTCTCT TTCACTGT TT TATAAAAGTGTATCGGCTAGCCTA TCTCCGGCTAAATACACT T TGTGAACGCCTTCTrGTCTGAG 1920
AAAGTGCAAGAATATAGACCT TAAATTCAAAATCAtTTGTAACAGCAtACAAGGAtCt TCCtCATGCTGCtTCAGGAGACAttCAAACGT GT TT TGATCAAAGAAGAGGAGTAT GAT TC TA TT 2160
ATAGTAT TCTATAACTCGGT CTTCATGCAGAGACTGAAAACAAATAtTTtTGCAGtATGUtCTTCCACCAGGCCCCCTACCTGTCTCACCAATACCT CACATTCCTCGAAGCCCT TACAAGTTT 2280
CCT AGT TCACCC TTACGGAT TCCT GGAGGGAACAT CTATAT T TCACCCCT GAAGAGTCC4TATAAAAT T TCAGAAGCCTCT CCCAACACCAACAAAAATGACTCCAAGATCAAGAAT CTTA 2400
GTAT CAAT TGGCTGAAT CATTCGGGACT TCTGAGAAGT TCCAGACTAAAT CAGATGCGTATGTAACAGCGACCGTGCTGCTCAAAAGAAGTGCCTGAAGGAAGCAACCCt CC TAAACCAC tG 2520
AACT TTCCCAGGT TCT GT TTATGGCCCACAT TTAATATCtTTCAGCTCT TT T TGTGGATATAAAATGTGCAGA TGCAAT TGT TTGGGTGCACGTCCTAAGCCACT TGAAAT GT tAGTCAT TGCTT 2880  ATTTAT ACAAGAT TGAAAATCT TGCTGTAAAATCCTGCCAT TTAAAAAGT TGTAGCAGAtTTGTT TCCTCT TCCAAAGT AAAATTGCCTGTGCC TTTATGGATAG TAaGAATGGCCCCTAGACGTGG 3000   GAGTCCTGATAACCCAGGCCTGTCTGACTACTTTGCCT TCTTT TGTAGCATATAGGTGATGT TTGCTCTTGT T TTTAT TAAT TTATATGTATATT TT T TTAAT TTAACAT GAACACCCT T 3120  AGAAAATGTGTCCTATCTATCTTCCAAATGCAATT TCATTGACTGCCCATTCACCAAAATTATCCTGAACTCTTCTGCAAAAATGGATAT TAT TAGaAAT TAGAAAAAAT TACTAAT tT 3240   TACACAT TAGAT TTTAT T TTACtTATTGGAATCTGCATATACT GTGTGCUTTGT TTTATAAAAT TT TGCTtTtAAT TAAA TAAAAGCTGCCAAGCAAAGTAT AACCAT *CATGTACtATrCATACT* 3360   ACTGAAACAGATTTCATACCTCAGAATGTAAAAGAACTTACTGAT TATT TTCT TCATCCAACTTATGT TTT TAAATGAGGATTAt TGATAGTACTCT TGGT TT TTATACCAT TCAGATCAA 3480-CTGAAt tTATAAAGtACCCAT CTAGTACT TGCAAAAAGTAAACGTGT TCTGCCCAGATCT TAGGTAATAGAGGACCCTAACACAGTATATCCCaAGT GCACTT TCTAATG TT TC TGGGCTCCT CA 3600w   AGAAT TAAGATACAAATTAATT TTACTCCATAAACAGACTGTTAAT TATAGGAGCCTTAAT TTTTTT TTCATAGAGATTTGTCTAATTGCATCTCAAAAT TAT TCTGCCC£TCCT TAATT T 3720   GGGAAGGTTTGTGT T TTCTCTGGAATGGTACATGTCTTCCATGTATCtTTTTCAACTGGCAAT TGTCTAT TTATCT T TTAT TT TTrTTAAGTCAGtAtGGtCtAACACTGGCATGTT*CAAAG 3840   CCACAT TATTTCTAGT CCAAAAT TACaAGTAaTCAAGGGTCAT TATGCGGT TAGGCAT TAATGT TTC TAT CT GAT TT TGTGCAAAAGC TTCAAATTAAAACAGCTGCCA TTAGAAAAAGAGG 3960  CGCT TCTCCCCT CCCCTACACCTAAAGGTGTAT TTAAACTA TC TTGCT*GTGATTAACT TATTTAGAGATGCTGCTAACYttAAAA T AGGGGATA^T TTAAGGTAGCCT TCAGCCTAGCCT TTTAGGA 4080  AAATCACTT TGTCTAACTCAGAATTATTTT TAAAAAGAAATCTGGTCT TGTTAGAAAACAAAA TT TATTTTGTGCTCATT TAAGT TTCAAACT TACTAT TT TGACAGTTATT*TTCATAA 4200   CAATGACACTAGAAAACT TGACTCCATT TCATCAT TGT TTCTGCATGAATATCATACAAATCAGT TAGTT T TTAGGTCAAGGGCT TACTAT TTCTGGGT CTtTt GCTACT*AAGTT*CACAT 4320  TAGAATTAGTGCCAGAAT TT tAGGAACT TCAGAGATCGTGTATTGAGAT TTCTTAAATAAtGCTTCAGAATAtTATTGCTT TAT TGCTT T TTTGTAT TGGTTAAAACTGTACAT TTAAAAT lated that the RB gene product "downregulated" other growth-promoting genes or proto-oncogenes, the overexpression of which might lead to transformation. N-myc is amplified and expressed at high levels in several primary retinoblastomas and neuroblastomas (29) ; furthermore, N-myc expression appears to be developmentally regulated (30) . For these reasons, N-myc has been proposed as a possible target for regulation by RB (29 
